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In current dental practices, traditional restorative approaches may have relatively limited long-term survival and
may be associated to diverse complications, such as allergy, pulpitis, or periodontal pathologies. To overcome
these shortcomings, novel innovative strategies have been envisioned for tooth repair. During the two last decades,
the extensive advances in our understanding of tooth development as well as stem cell research provide the
foundation for exciting opportunities in dental tissue engineering. The replacement of lost teeth by engineered
dental tissue appears as a fascinating goal. However, the feasibility remains an intriguing question. Is the challenge
to create a new tooth acting as a substitute for lost tooth or to regenerate only part of this organ that is enamel,
dentin, or dental pulp? Is it possible to exploit stem cells for transplantation purposes to promote matrix formation
and mineralization in the framework of endodontic treatment? Finally, investigating the functional properties of
pulpal stem cells is however mandatory to envision novel therapeutic dental strategies. In this review, we
summarize the current knowledge of stem cells used for dental tissue engineering and discuss the ensuing
challenges for regenerative dentistry.
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Introduction
Rationale for embryonic tooth-germ-based dental
engineering
During embryogenesis, reciprocal interactions between
the oral epithelium and neural crest-derived ectome-
senchyme lead to the initial formation of dental placode
and afterward guide the building of a tooth through
sequential morphogenetic events, i.e. bud, cap, bell
(Cobourne et al. 2014). This tooth patterning involves a
strictly spatio-temporal control of signaling pathways
that sustain the interdependent inductive interactions,
that is signal exchanges between epithelial and mesen-
chymal cells (Thesleff 2003). Epithelial cells are at the* Correspondence: mgoldod@gmail.com
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the Creative Commons license, and indicate ifroot of enamel-forming ameloblasts. Ectomesenchymal
cells give rise to (i) odontoblasts, which synthesize the
dentin extracellular matrix, and (ii) dental pulp cells
assuming tooth homeostasis. During tooth organogen-
esis, odontogenic signals first emanate from the dental
epithelium. Then, dental mesenchyme generates signals
promoting the maturation of developing ameloblasts.
Conceptually, tooth regeneration can thus be approached
by taking into account these reciprocal epithelio-
mesenchymal interactions.
In 2004, murine tooth structures were successfully
bioengineered either after implantation of dissociated rat
tooth bud cell-seeded scaffolds in the rat omenta (ec-
topic site) (Dualibi et al. 2004) or after in vitro combin-
ation of non-dental mesenchymal cells with embryonic
oral epithelium and transplantation of this primordium
into mice adult jaw (Ohazama et al. 2004). Recombining
the tissues lining the oral stomodeum and the mesen-
chyme seems to mimic developmental events and leadsis distributed under the terms of the Creative Commons Attribution 4.0
rg/licenses/by/4.0/), which permits unrestricted use, distribution, and
e appropriate credit to the original author(s) and the source, provide a link to
changes were made.
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(enamel, dentin, pulp) with a morphology similar to that
of natural teeth. Besides, tooth regeneration also implies
restoration of the root with a periodontal ligament con-
nected to the alveolar bone. Recently, mouse tooth
germs reconstituted with the help of three-dimensional
organ culture technologies (Ikeda et al. 2009; Nakao
et al. 2007) or bioengineered tooth unit (Oshima et al.
2011) transplanted into the alveolar bone in the lost
tooth region in an adult mouse yield tooth organ struc-
tures resembling those of native tooth. Because, tooth
lost is the most common organ failure, these studies
suggest that embryonic tooth germ used to generate
bioengineered tooth holds promise for future tooth re-
placement. However, the inaccessibility of embryonic
tooth germs and the need of autologous cells for tooth
replacement limit such approach in routine clinical
practices.
Cell sources for tooth regeneration
To overcome limitations associated with embryonic
tooth germs, an alternative strategy relies on stem
cells that could substitute for embryonic tooth germ
in dental tissue engineering. In this context, a major
challenge concerns the source, identification and iso-
lation of stem cells potentially useful for transplant-
ation or reconstitution approaches. In fact, stem cells
are rare and are the unique cells endowed with the
double capacities to self-renew and acquire specialized
functions upon differentiation. These key properties
render these cells tremendously attractive for repair
and regeneration of deficient tissues and organs, in-
cluding teeth.
Embryonic stem cells Pluripotent embryonic stem cells
(ESCs), derived from the inner cell mass of mouse blas-
tocysts, were shown to be capable in vitro to express
ameloblast-specific proteins such as ameloblastin, ame-
logenin (Ning et al. 2010), or odontoblast-related mRNA
like dentin sialophosphoprotein (DSPP) and dentin
matrix acidic phosphoprotein-1 (DMP-1) (Li et al. 2007;
Kawai et al. 2014) under suitable conditioned mediums.
Furthermore, ESCs recombined with embryonic oral
epithelium respond by expressing odontogenic genes
(Ohazama et al. 2004). Despite the interesting potential-
ities of ESCs for dental tissue engineering, several major
issues have to be dealt, in particular the ethical source of
ESCs and their capacity to evolve into tumors (teratoma
formation) when transplanted.
Mesenchymal stem cells Pluripotent stem cells are also
present in the adult organism to maintain tissue homeo-
stasis and to ensure tissue repair after lesion. These
adult stem cells display a restricted lineage potential.Interestingly, mesenchymal stem cells (MSCs) derived
from mouse bone marrow have been shown to display
an odontogenic potential (Ohazama et al. 2004; Li et al.
2007). Co-culture of these non-dental stem cells with
oral epithelial cells derived from mouse embryos renders
the MSCs able to express odontogenic genes such as
Pax9, Msx1, Lhx7, DMP1, and DSPP. The transplant-
ation of such cell mixture in murine renal capsule leads
to the formation of several tooth-like structures. MSCs
may thus represent an autologous source of cells for
tooth regenerative research.
Dental stem cells Since 2000, several laboratories pro-
vided the evidence for the presence of stem cells in
teeth. This includes dental pulp stem cells (DPSCs) that
are heterogeneous cell populations derived from the
pulp of the human permanent third molar (Gronthos
et al. 2000). Other stem cells have been isolated from
human exfoliated deciduous teeth (SHED) (Miura et al.
2003). SCAP cells are derived from the apical part of the
papilla of growing tooth roots (Sonoyama et al. 2008).
Our laboratory showed that the stem cells located in the
open apical papilla of the rat molar have the capacity to
divide after pulp exposure as shown by proliferating cell
nuclear antigen immunostaining. These cells migrate
from the central part of the pulp to the lateral sub-
odontoblastic boundaries. Then, they slide from the root
towards the coronal part of the pulp where they under-
went terminal differentiation (Hirata et al. 2014), sug-
gesting that apical progenitor cells are mobilized and
contribute to pulp regeneration. In vitro, all these het-
erogeneous cell populations (DPSCs, SHEDs, SCAPs)
have the ability to differentiate into odontoblasts, osteo-
blasts, and adipocytes as well as even into neuron-like
cells. In vivo, they are able to form a dentin-like struc-
ture after transplantation with hydroxyapatite/tricalcium
phosphate in immunocompromised mice (Huang et al.
2009). A few stem cells are also found in the dental fol-
licle (DFSCs) (Morsczeck et al. 2005; Honda et al. 2010)
and in the periodontal ligament of permanent tooth
(PDLCs) (Seo et al. 2004) or deciduous tooth (DePDL)
(Silvério et al. 2010). In vivo DFSC transplantation and
co-implantation of SCAPs and PDLCs can lead to the
formation of periodontal ligament-like tissues (Sonoyama
et al. 2006; Yokoi et al. 2007). At the chair side, adult den-
tal stem cells are easily accessible from extracted wisdom
molars or their surrounding tissues. These dental stem
cells may thus represent useful autologous cells for tooth
engineering therapies.
Although potentially easily accessible, these dental
stem cells are rare in teeth, as are others stem cells in
adult tissue. It is now admitted that less than 1 % of cells
within a tissue are stem cells (Sloan and Waddington
2009). These stem cells are still difficult to detect and
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a limited number of passages. Before using these cells in
routine practices of dentistry, further investigation for
the identification, amplification, and maintenance of the
lineage potential of such dental stem cells is required.
Induced pluripotent stem cells Facing the safety con-
cerns of ESCs, and the difficulties to isolate and exploit
adult stem cells for dental therapies in clinics, induced
pluripotent stem cells (iPSCs) which could be another
option to regenerate lost tooth or to repair a tooth
injury. By over-expressing some transcription factors,
including Oct3/4, Sox2, Nanog, Klf4, c-Myc, and
Lin28, adult somatic cells may be reprogrammed into
an ESC-like pluripotent state (Okita and Yamanaka
2010). In vivo, iPSCs were shown to further re-
differentiate according to the site where the cells were
implanted, indicating that cell environment plays a
crucial role to orientate the cell fate. Many dental
cells such as DPSCs, SHEDs, SCAPs, periodontal
ligament, and gingival fibroblasts have been used to
generate iPSCs (Hynes et al. 2015), and iPSCs derived
from dental tissues thus represent a promising
unlimited source of autologous cells for regenerative
dentistry. However, the use of iPSCs in cell-based
therapeutic approaches in dental clinical trials could
be compromised because of the phenotypic instability
of iPSC-derived differentiated cells (Goldberg 2011)
and tumorigenesis effects (Takahashi and Yamanaka
2006).
Stimulating natural dental repair based on the dual
serotonergic/dopaminergic functions of pulpal stem cells
Despite tremendous efforts to develop stem cell-based
tooth regenerative strategies, the identification of intrinsic
properties of pulpal stem cells is an unresolved question.
Dental pulp stem cells are heterogeneous cell subpopula-
tions likely composed of stem cells at different differenti-
ation stages along odontoblastic lineage, which has broken
their characterization. Another major drawback in the
dental field is that the physiological signals governing the
recruitment of pulpal stem cells for tooth repair upon in-
jury still remain unknown.
A decade ago, our laboratory established clonal
odontogenic cell lines with stem cell properties from
first molar tooth germs of day 18 mouse embryos
transgenic for an adenovirus-SV40 recombinant
plasmid (pK4) (Priam et al. 2005). These dental
pulp-derived cell lines are stable and maintain an
undifferentiated phenotype under long-term standard
culture conditions. Among the pulp-derived clones,
the A4 cell line behaves as a multipotent mesoblastic
stem cell. Upon in vitro appropriate induction, A4
cells can undergo unidirectional differentiation alongeither odonto/osteogenic, chondrogenic, or adipogenic
lineage. Another clonal pulp cell line, H8, is a mono-
potent progenitor that displays a restricted potential
of differentiation towards the odontoblastic fate
(Lacerda-Pinheiro et al. 2012). In vivo, after implant-
ation in a mouse incisor or rat molar, both A4 and H8
cells have the capacity to induce spatio-temporally
controlled osteodentin formation and thus to promote
efficient tooth repair (Lacerda-Pinheiro et al. 2012;
Harichane et al. 2011). Thus, the isolation of A4 and
H8 cell lines that both belong to the odontogenic
lineage but differ in their differentiation potential demon-
strates that multipotential and restricted lineage progeni-
tors coexist in the dental pulp (Lacerda-Pinheiro et al.
2012). These two independent, stable, and homogenous
pulp cell lines with precursor properties represent useful
tools to search for the intrinsic properties of odontogenic
stem cells.
By exploiting A4 and H8 cell lines, we disclosed for the
first time the proper identity of odontogenic stem cells
based on the expression of functional proteins. Both
clones display a mixed serotonergic and dopaminergic
phenotype (Baudry et al. 2015). This phenotype includes
expression of all functional enzymes involved in serotonin
(5-HT) and dopamine (DA) synthesis, catabolism, storage,
and transport. Both cell lines also express the same defin-
ite repertoire of serotonergic and dopaminergic receptors
of the 5-HT2B, 5HT1D, and 5-HT7 subtypes and dopamin-
ergic D1 and D3 subtypes, respectively, which renders the
cells competent to respond to circulating 5-HT and DA.
In vivo, we provided evidence that genuine pulpal stem
cells with bioaminergic markers (double-positive staining
for 5-HT7R and the serotonin transporter SERT) exist
within the pulp stroma of the rat molar but are scarce and
are mobilized at the isthmus between the mesial and cen-
tral parts of the pulp in response to injury.
We also uncovered that injury-activated platelets are the
source of systemic 5-HT and DA necessary for the
mobilization of genuine stem cells for dental repair (Bau-
dry et al. 2015) (Fig. 1). After pulp injury, pulpal stem cell-
based natural reparative dentin formation is impaired in
fawn-hooded and reserpine-treated rats, two rat models
whose blood platelets are deficient in bioamine storage. Fi-
nally, using selective antagonists of serotonergic or dopa-
minergic receptors, we demonstrated that D1 and D3
receptors as well as 5-HT2B receptors and to a lesser ex-
tent 5-HT7 receptors present on pulpal cells transduce
platelet-derived 5-HT and DA signals and promote tooth
repair. Thus, systemic 5-HT and DA from activated plate-
lets represent “warning” signals necessary for tooth repair.
Conclusions
Promising researches on stem cells for dental tissue en-
gineering were performed during the last 15 years, but
Fig. 1 Fundamental basis for novel approaches in dental repair
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Several limitations persist and must be overcome before
the use of stem cells in dental clinic, notably in terms of
safety, capacity to isolate homogenous stem cell popula-
tions and to efficiently orientate their differentiation to-
wards an odontogenic fate. Our recent work allowed to
unveil the peculiar dual 5-HT/DA phenotype of mouse
pulpal stem cells. The identification of specific func-
tional proteins 5-HT and DA receptors as well as the
SERT present at their cell surface offers biomarkers to
localize and isolate odontogenic stem cells from human
dental pulp for future stem cell-based dental therapies.
Finally, our demonstration of a link between the func-
tional properties of odontogenic stem cell and their re-
cruitment by platelet-derived 5-HT/DA signals for tooth
repair paves the way to target resident stem cells and to
envision novel therapeutic strategies in dentistry that is
stimulating the natural reparative capacity of teeth.Competing interests
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